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The centrality dependence of pseudorapidity density of charged particles (dNch/dη) in Cu+ Cu
(Au + Au) collisions at RHIC energy of
√
sNN = 22.4 , 62.4 and 200 (19.6, 62.4 and 200) GeV,
is investigated within an improved HIJING code. The standard HIJING model is enhanced by a
prescription for collective nucleon-nucleon (NN) interactions and more modern parton distribution
functions. The collective NN -interactions are used to induce both cascade and nucleon shadowing
effects. We find collective cascade broadens the pseudorapidity distributions in the tails (at |η| >
ybeam) above 25− 30% collision centrality to be consistent with the dNch/dη data at √sNN = 19.6,
22.4, 62.4 GeV. The overall contribution of nucleon shadowing is shown to depress the whole shape
of dNch/dη in the primary interaction region (at |η| < ybeam) for semiperipheral (20 − 25 %) and
peripheral (≥ 35− 40%) Cu+ Cu (Au+Au) interactions at √sNN = 200 GeV, in accordance with
the PHOBOS data.
I. INTRODUCTION
The primary nucleon-nucleon (NN) interaction is the
basic component for all microscopic transport models
of light/heavy ion collisions [1–8]. Due to the stop-
ping mechanisms of initial NN -interactions, quark/gluon
strings (soft scatterings) and new state of matter com-
prising of strongly interacting quarks and gluons (hard
scatterings) could emerge at Relativistic Heavy Ion Col-
lider (RHIC) energies. It has been observed that [9, 10]
at the partonic level, the parton distribution functions
(PDFs) in a primary interacting nucleon are subject to
significant nuclear effects (so-called parton shadowing).
A number of phenomenological approaches are thus de-
veloped to address the nuclear modification of PDFs
which span a wide region of Bjorken x [1, 11–14].
HIJING [1] is a microscopic hadronic model which
treats NN -collision as a two component geometrical
model of hard (with minijet production) and soft interac-
tions. The hard component is characterized by a trans-
verse momentum (p
T
) larger than a cutoff scale (p0) and
is evaluated by perturbative QCD (pQCD) using the par-
ton distribution function (PDF) in a nucleon. The soft
interactions (p
T
< p0) (non-pQCD) are modeled by the
formation and fragmentation of quark-gluon strings. For
proton-nucleus (p+A) and nucleus-nucleus (A+B) col-
lisions, HIJING implements an eikonal formalism to de-
termine the probability of collision, elastic or inelastic,
and the number of jets produced in each binary NN -
collision. In addition, HIJING takes into account both
parton shadowing and jet quenching, which are shown to
influence the flux of partons and, in turn, the description
of initial particle production.
Although HIJING is mainly designed to explore nu-
clear medium effects that may occur in RHIC and LHC
energy light/heavy ion collisions [1, 2], it does not take
∗ khelwagd@yahoo.com.
into account the interactions of the primary nucleons
with the dense nuclear medium (in short, nucleon shad-
owing), and the energy loss they suffer before applying
shadowing on the partonic structure of the nucleon. The
missing systematic inclusion of nucleon shadowing and
the associated cascade effects should affect the relative
contribution of initial particle production with centrality
in light/heavy ion collisions.
Recently [15, 16], we have presented a model for p+A
and A+B collisions at LHC energies based on the avail-
able HIJING1.383 model with an updated modern sets
of PDFs [17]. The main improvement in this model is
implementing the collective cascade in a nucleus to get
the nuclear modifications of nucleons (nucleon shadow-
ing). This improved HIJING model (in short, ImHI-
JING/Cas) successfully reproduces the measured pseudo-
rapidity density of charged particles (dNch/dη) in p+Pb
collisions at
√
s
NN
= 5.02 TeV. The largest nucleon shad-
owing effect is found to be contained in the pseudorapid-
ity region of 3 < ηlab < 4 [15]. As for Pb+ Pb collisions
at
√
sNN = 2.76 TeV, the model is shown to depress the
pseudorapidity density at central rapidity, independent
of the collision centrality, while enhancing the charged
particles at large pseudorapidity (|η| > 8) [16].
However, in the previous analysis [15, 16] a single pa-
rameter set was used, in the collective cascade model, to
reproduce the measured dNch/dη at mid-pseudorapidity
region for both p + Pb and Pb + Pb collisions at LHC
energy, and no constraints of the model parameters from
pure soft NN processes were given.
In this paper and in light of PHOBOS data at RHIC
[18], we explore different parameters of the collective
cascade model that are important for a proper descrip-
tion of the whole shape of dNch/dη at different central-
ity bins. After having constrained the model parame-
ters from Au+ Au collisions at the lowest RHIC energy
(
√
s
NN
= 19.6 GeV) we shall study nucleon shadowing
and the associated cascade effects in Au+Au(Cu+Cu)
collisions at higher RHIC energies. Unlike our previ-
ous studies [15, 16], the nucleon shadowing, constrained
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2by the lowest RHIC data, is found to have an impact-
parameter dependence. This will have important impli-
cations on the study of other phenomena such as parton
shadowing and parton energy loss in heavy ion collisions,
since they all depend on NN interactions in nuclear en-
vironment.
The manuscript is organized as follows: in Section II,
we describe the ImHIJING/Cas model, that implements
nucleon shadowing and the associated cascade effects.
Then, in Sec. III we use the model to analyze the PHO-
BOS [18] results on dNch/dη as a function of collision cen-
trality for Cu+Cu (Au+Au) collisions at
√
sNN = 22.4,
62.4 and 200 (19.6, 62.4, 130 and 200) GeV. Finally, in
Sec. IV we present our conclusions.
II. DESCRIPTION OF THE MODEL
Our calculations are based on the ImHIJING/Cas
model presented in Refs. [15, 16]. Here we will con-
centrate on those points which are important for under-
standing the results discussed in Sec. III.
The ImHIJING/Cas is a hybrid model which combines
the available HIJING 1.383 code [1] with more modern
parton distribution functions [17] and a collective cas-
cade recipe [19, 20]. In ImHIJING/Cas, nucleons taking
part in the primary interactions (see Fig.1) suffer both
parton and nucleon shadowing effects.ImHIJING/Cas de-
termines nucleon shadowing of the primary interacting
nucleons of the projectile (A) and target (B) nuclei at a
given impact parameter, while both the radial and mass
number dependent parton shadowing are adopted from
standard HIJING [1]. The collective cascade recipe is
used to calculate both nucleon shadowing and cascading
in A+B collisions.
As described by the Reggeon theory inspired model [19,
20], nucleon shadowing arises due to simultaneous inter-
actions of a primary nucleon with other non-interacting
nucleons from the target/projectile, see Fig.1b. In p+A
and A + B collisions, the probability to involve the ith
non-interacting (secondary) nucleon by the jth primary
interacting nucleon, at a distance rij , is taken as
w = C exp(−r2ij/r20), (1)
where r0 = 1.2 fm is the mean interaction radius and
rij =
√
(bx + xi − xj)2 + (by + yi − yj)2 is the trans-
verse distance of the interacting nucleon pair (i and
j),bx(y) and xi(j), yi(j)are the components of the impact
parameter vector and the coordinates of the pair mea-
sured from their own nucleus. The parameter C deter-
mines the strength of nucleon shadowing and the associ-
ated cascade effects. If the number of newly involved nu-
cleons is not zero, then such a nucleon can involve another
secondary nucleon and so on, see Fig.1b. The eikonal for-
malism, as implemented in HIJING [1], is used to deter-
mine the primary interacting nucleons of the projectile
(A) and target (B) nuclei at a given impact parameter.
The energy/momentum is shared between the primary
and accompanying secondary nucleons. To take this into
account, we ascribe to each wounded (primary or sec-
ondary) nucleon a transverse momentum distribution ac-
cording to the law
P (p′
Ti
) ∝
NA(B)∏
i=1
exp[−p′2
Ti
/ < p2
T
>]δ(
NA(B)∑
i=1
p′
Ti
)dp′
Ti
(2)
where NA(B) is the number of wounded nucleons from
the projectile/target.
The fractional momentum of the wounded nucleon is
chosen as
P (x′+i ) ∝
NA(B)∏
i=1
exp[− (x
′+
i − 1NA )2
d2
]δ(1−
NA(B)∑
i=1
x′+i )dx
′+
i ,
(3)
with a mean µ = 1/NA(B) and a width given by [21, 22]
d = γ/NA(B) (4)
The energy-momentum conservation between the pri-
mary and accompanying secondary nucleons is satisfied
as follows.
NA∑
i=1
E′i +
NB∑
j=1
E′j =
W ′+A
2
+
1
2W ′+A
NA∑
i=1
m′2
Ti
x′+i
+
W ′−B
2
+
1
2W ′−B
NB∑
j=1
µ′2
Tj
x′−j
= E0A + E
0
B ,
(5)
NA∑
i=1
p′zi +
NB∑
j=1
q′zj =
W ′+A
2
− 1
2W ′+A
NA∑
i=1
m′2
Ti
x′+i
− W
′−
B
2
+
1
2W ′−B
NB∑
j=1
µ′2
Tj
x′−j
= p0zA + q
0
zB ,
(6)
and
NA∑
i=1
p′
Ti
+
NB∑
j=1
q′
Tj
= 0, (7)
where W+A =
∑NA
i=1(Ei + pzi), and W
−
B =
∑NB
j=1(Ej −
qzj). Here Ei(Ej) and pzi(qzj) are the initial energy and
longitudinal momentum of the ith (jth) wounded nucleon.
The corresponding total energy and momentum are given
by E0A =
∑NA
i=1Ei (E
0
B =
∑NB
j=1Ej), p
0
zA =
∑NA
i=1 pzi
(q0zB =
∑NB
j=1 qzj), respectively. The final momenta of
the ith and jth wounded nucleons are given by
3p′zi = (W
′+
A x
′+
i −
m′2
Ti
x′+i W
′+
A
)/2, (8)
q′zj = −(W ′−B x′−j −
µ′2
Tj
x′−j W
′−
B
)/2, (9)
where m′2
Ti
= m2i +p
′2
Ti
, µ′2
Tj
= µ2j +q
2
Tj
, and mi(µj) is the
mass of the ith(jth) secondary interacting nucleon from
A(B).
Thus, nucleons taking part in the primary interactions
suffer energy loss due to cascading with other noninter-
acting ones, and the remaining energy is used to produce
jets or excited strings according to the HIJING model.
It should be noted that, the energy-momentum conser-
vation of primary interacting nucleons is satisfied in HI-
JING. The energy and momentum carried away by jets in
hard collisions is subtracted from that of nucleons, only
the leftover energy-momentum of the nucleon is available
for soft interactions. The energy-momentum exchange
between nucleons in the soft collision also satisfies con-
servation laws.
In order to calculate the effective jet cross section
(σeffjet) in A + B collisions, we have to calculate the par-
ton shadowing (αA(ri)) at the radial position of the nu-
cleon (ri) measured from its own nucleus center, with
ri =
√
x2i + y
2
i . In this work, the HIJING 2.0 parame-
terization of parton shadowing is adopted [2]
αA(ri) = sq(g)(A
1/3 − 1) 5
3
(1− r
2
i
R2A
) (10)
where RA = 1.2A
1/3 is the nuclear radius. Here sq(g)
is a single unknown parameter of the model that should
be fixed from comparison to the measured data of the
centrality dependence of charged particle pseudorapidity
density in A+B collisions.
As a result of parton shadowing, the effective jet
cross section, e.g., between two nucleons i and j in
A + B collisions, σeffjet, is calculated by multiplying the
jet cross section (σABjet ) by αA(ri)R
s
a/A(xa)fa/i(xa, p
2
T )×
αB(rj)R
s
b/B(xb)fb/j(xb, p
2
T ), where fa(b)/i(j)(xa(b), p
2
T )
and Rsa(b)/A(B) are the parton distribution function and
the mass number dependent shadowing factor. Thus the
hard hadron production, which is associated with σeffjet,
becomes affected by the radial distance, ri(j), of the nu-
cleon with respect to its own nucleus.
In previous studies of p+Pb and Pb+Pb collisions at
LHC energy [15, 16], a single set of parameters (< p2
T
>=
0.5 (GeV/c)2, γ = 0.5, C = 1) was used in the collective
cascade model to reproduce the measured dNch/dη at
mid-pseudorapidity. In the present study of heavy ion
collisions at RHIC energies, we vary the values of these
parameters to fit the measured data. As shown below,
a reasonable description of the measured dNch/dη in the
high-η tail regions (at |η| > ybeam ) is achieved if different
collective cascade strengths (C = 0.25 − 0.5) are used.
Also, an explicit impact parameter dependence of the
width
d = γ(c)/NA(B) (11)
is assumed to take into account the impact parameter de-
pendence of nucleon shadowing. In Eq.(11) the centrality
c is related to the impact parameter by the empirical for-
mula c = pib2/σin [23] where σin is the A + B inelastic
cross section.
Experimental measurements at different collision cen-
tralities could serve to disentangle the new collective cas-
cade parameter γ(c). The parameter γ(c) which fits
the measured centrality dependence of dNch/dη at mid-
pseudorapidity (|η| < 1) in Au + Au collisions at the
lowest collision energies of
√
sNN = 19.6 GeV, takes the
form
γ(c) = 0.1 + 2c(1− 3
4
√
c). (12)
According to Eq.(12) the width increases rapidly as the
centrality increases and approaches nearly a plateau at
c > 0.55, with γ ≈ 0.1− 0.2 and 0.6 for central (c = 0−
10%) and peripheral (> 50−60%) collisions, respectively;
see Fig.2. As one can see in Fig.3, the data could not be
described by assuming only a constant width of γ = 0.5
(dashed lines). On the other hand, the introduction of
γ(c) (solid lines) in ImHIJING/Cas increases the level of
dNch/dη in central (0 − 10%) interactions, independent
of the colliding system, and results in a better agreement
with the data. This implies that x′±i(j)(c) leads to larger
fractional momentum of the ith(jth) wounded nucleon in
central than peripheral collisions, as it should be.
Constrained by the model calculations of dNch/dη per
centrality class for Au+Au collisions at the lowest RHIC
energy (
√
s
NN
= 19.6 GeV) we will then be able to discuss
possible nucleon shadowing effects in A+B collisions at
different RHIC energies.
In the numerical calculations, the ImHIJING/Cas is
running in two modes, the cascade mode with different
strengths C of nucleon shadowing and the one that does
not include nucleon shadowing (C = 0). In both modes,
the shadowing on PDFs are implemented, Eq.(10), for
the studied reactions at
√
s
NN
≥ 62.4 GeV. Thus, the dif-
ferences observed in the final results of ImHIJING/Cas
are regarded as evidence of nucleon shadowing effects
at RHIC. Note that, in all calculations, the default HI-
JING1.383 parameters are selected and no adjustments
are attempted.
III. RESULTS AND DISCUSSION
In this section we present the predictions of the ImHI-
JING/Cas code along with the recent measurements of
4PHOBOS (for 0−55% event centralities) results on pseu-
dorapidity distributions of charged particles emitted in
heavy ion collisions over a wide energy range. The PHO-
BOS data cover Cu+Cu collisions at NN center of mass
energy,
√
sNN , of 22.4, 62.4 and 200 GeV, Au+Au at 19.6,
62.4 and 200 GeV [18].
The measured dNch/dη distributions (see Figs. 5-
11) are composed of three components. At mid-
pseudorapidity region, a change of the pseudorapidity
density distribution appears, depending on both the cen-
trality and collision energy. The change is from a Gaus-
sian to a double Gaussian shape, due to Jacobian. In ad-
dition, two components exist for all of the spectra: one is
a smooth fall-off below beam rapidity, ybeam, the other is
a large high-η tail above ybeam. The smooth fall-off pseu-
dorapidity region increases in range with collision energy.
The charged particle production in both the mid- and
smooth fall-off pseudorapidity regions is strongly dom-
inated by primary interacting nucleons. Whereas the
tails, developed as one moves towards peripheral col-
lisions and lower collision energies, are attributable to
charged particles emitted from the spectator regions of
projectile/target. Below, we investigate nucleon shad-
owing and the associated cascade effects on the three
components of dNch/dη by employing ImHIJING/Cas.
Because dNch/dη are measured in minimum bias, we gen-
erate 104events for each centrality bin.
We use for the different centrality classes the range of
impact parameter based on PHOBOS results. The de-
rived b-range for all studied reactions are listed in Tables
I and II of the Appendix.
Before going any further, it is worthwhile to study the
centrality dependence of both primary and accompanying
secondary interacting nucleons for Cu+Cu and Au+Au
collisions at
√
s
NN
= 200 GeV, see Fig.4. The ImHI-
JING/Cas calculations show three distinct interaction
regions: (i) For impact parameters of b < 2.99(4.19)fm,
which corresponds to 0−10% most central collisions, the
ratio of primary to secondary nucleons is ∼ 11(∼ 62) for
Cu+Cu (Au+Au) collisions; (ii) At 20−30% centrality,
which corresponds to 4.59 < b < 5.59 (6.39 < b < 7.99)
for Cu + Cu (Au + Au) collisions, the primary and
secondary nucleons are found in roughly equal propor-
tions; (iii) In peripheral Cu+Cu (Au+Au) collisions at
6.19 < b < 7.59 (8.59 < b < 10.39) fm, which corresponds
to 35− 50% centrality, the primary to secondary ratio is
∼ 0.5. Fig.4 also indicate that at 40 − 50% centrality,
which corresponds to 6.59 < b < 7.59(9.39 < b < 10.39)
for Cu + Cu (Au + Au) collisions, the ImHIJING/Cas
calculations with C = 0.25 cause a significant reduction
of secondary interacting nucleons by ∼ 45% relative to
the C = 0.5 case.
The importance of including the collective cascade
model at the lowest RHIC energy is demonstrated in
Fig.5 for central (6 − 10%) and peripheral (35 − 40%)
Au + Au collisions. Because jet production is expected
to be negligible at this energy, calculations with zero par-
ton shadowing, sq(g) = 0, are selected. Solid and short-
dashed lines show the ImHIJING/Cas calculations with
C = 0.5 and C = 0, respectively. As one can see, the
short-dashed lines tend to be higher than the experimen-
tal data in the mid-pseudorapidity region at peripheral
(≥ 35− 40%) collisions. In contrast, the solid lines more
closely reproduce experimental data in this region. In
other words, adoption of γ(c) and C = 0.5 in the model
calculations are both necessary in order to reproduce the
mid-pseudorapidity region. We also note that the cascade
effects of the model (solid lines) lead to the broadening
of the distributions at large pseudorapidity |η| > ybeam
as the centrality decreases, in good agreement with the
data.
In Figs.6-7 we study the effect of the strength of cas-
cading on dNch/dη for the reactions under study at the
lower RHIC energies. As one can see the strength of cas-
cade effects is shown to be more pronounced in the pro-
jectile/target spectator regions, |η| > ybeam, as expected.
In particular, the variant with C = 0.5 (thick lines) leads
to a broadening of the dNch/dη at ybeam < |η| < ybeam+1
compared with C = 0.25 (thin lines) for collision central-
ity starting from 30−35%; see Figs. 6h-6j and Figs. 7j-7l.
We also notice that changing the cascade strength from
C = 0.5 to C = 0.25 allows us to describe the dNch/dη
in peripheral (> 30 − 35%) Au + Au interactions at the
lowest RHIC energy. The decreasing strength of cascade
going from light to heavy ion collisions implies a mass
number dependence. It has also been shown in Ref.[22]
that C depends on both the mass number and beam ra-
pidity.
It should be noted that, the detailed comparisons of
the model calculations with the charged particle yield
data at (|η| − ybeam) > 1 are not shown in Figs.6h-
6j and 7j-7l, since both the Fermi motion and nuclear
excitation/de-excitation mechanisms are disregarded in
ImHIJING/Cas.
From this study of the centrality dependence of
dNch/dη emitted at different collision centralities, for
Au + Au and Cu + Cu collisions at the lower RHIC
energies, 19.6 GeV and 22.4 GeV, respectively, one can
conclude that the ImHIJING/Cas has a valid basis for
further extrapolations in energy.
At higher collision energy (
√
s
NN
≥ 62.4 GeV) the col-
lective cascade model is not expected to fit the measured
centrality dependence of dNch/dη at mid-pseudorapidity,
systematically. This is because, in addition to soft inter-
actions, new physics associated with jet production starts
to play an important role and is expected to lead to new
nuclear dependence of the charged particle production.
In particular, charged particles produced in such hard
scatterings are created in primary collisions and are cen-
tered in a narrow region around mid-pseudorapidity, es-
pecially for the 0− 10% most central collisions, see Figs.
8a-8c. The main two parameters which affect jet produc-
tion in high energy heavy ion collisions are jet quenching
and parton shadowing.
The jet quenching parameter, the value of jet energy
loss, dE/dx, is determined within HIJING1.383 using
5the same procedure as proposed in Ref.[16]; by study-
ing final state interactions during Pb + Pb collisions at√
s
NN
= 2.76 TeV. We find that (not shown here) increas-
ing final state interactions, by turning on jet quench-
ing (dE/dx > 0), results in an increase of the level of
dNch/dη at mid-pseudorapidity; see Fig.3 of Ref.[16].
Only when the value of dE/dx is the same as the one
for jet production, p0, final state interactions lead to a
reproduction of the (double) Gaussian shape of dNch/dη
at mid-pseudorapidity for the reactions under study.
The value of parton shadowing parameter, sq(g), also
affects the dNch/dη yield at mid-pseudorapidity. In high
energy heavy ion collisions, depending on nuclear size,
energy and centrality, the low-momentum parton distri-
bution in a nucleon embedded in a nucleus is modified
compared to a free nucleon (parton shadowing). Using
the studied RHIC data, we find that sq(g), which fits
the measured centrality dependence of dNch/dη at mid-
pseudorapidity, takes the values of sq(g) = 0.01(0.014)
and 0.07(0.08) for Cu + Cu(Au + Au) at
√
sNN = 62.4
and 200 GeV, respectively.
Shown in Figs.8 are the plots of ImHIJING/Cas cal-
culations for Au + Au collisions at
√
s
NN
= 62.4 GeV
using αA(ri) parameterization with sq(g) = 0.014 (thick
solid lines) and sq(g) = 0 (thin solid lines). As one can
see, parton shadowing lead to nearly a constant value of
charged particle yield at mid-pseudorapidity for periph-
eral collisions, c ≥ 35−40%, and then slowly increases as
one moves to more central collisions. This clearly indi-
cates that the most significant parameter that affects the
charged particle yield at mid-pseudorapidity for 0− 10%
most central Au+Au(Cu+Cu) reactions at
√
sNN ≥ 62.4
is sq(g).
It is worthwhile mentioning that the maximum values
of sq(g) for RHIC energies are much smaller than the HI-
JING2.0 (A MultiPhase Transport, AMPT [8]) estimate
of 0.17− 0.22 (0.1− 0.17) [2, 24]. However, it is compa-
rable to the maximum value of sq(g) = 0.1 that obtained
by the experimental data on deep inelastic scattering off
nuclear targets [25]. In contrast to HIJING2.0 (AMPT),
our estimated sq(g) values do not overlap between RHIC
energy ranges, indicating a stronger constraint of sq(g).
Let us now focus on the role of nucleon shadowing
on dNch/dη for central Cu + Cu(Au + Au) collisions
at
√
sNN ≥ 62.4 GeV. This is illustrated in Figs.8a-
8c and 9, by comparing the model calculations with
and without nucleon shadowing along with the measured
data. The ImHIJING/Cas calculations are performed
using cascade strengths of C = 0.5 (solid lines) and 0
(short-dashed lines). As one can see, there is no dif-
ference between the ImHIJING/Cas results, both can
describe the mid and smooth fall-off pseudorapidity re-
gions. Such behavior can be related to the difference in
energy/momentum: less secondary nucleons are emitted
in the 0− 3% most central collisions with fractional mo-
menta (x′±i(j)(c)) nearly equal to the primary ones (see
Figs.4).
In fact, the largest nucleon shadowing effects are ob-
served in the semiperipheral (20− 25 %) and peripheral
(≥ 35−40%) interactions, see Figs. 10 and Figs.11, which
appear when the ratio of secondary to primary nucleons
is greater than or equal to one (see Figs. 4), for all stud-
ied interactions at
√
sNN = 200 GeV.
It is interesting to notice that at
√
sNN = 62.4 GeV
(Figs.8d-8f), there is almost no difference between the
calculations with and without nucleon shadowing at the
mid-pseudorapidity region for c = 35−50% . This implies
that the threshold of nucleon shadowing effect takes place
in Cu+ Cu(Au+Au) collisions at
√
sNN = 62.4 GeV.
IV. SUMMARY AND CONCLUSIONS
We studied the effects of nucleon shadowing on charged
particle pseudorapidity density (dNch/dη) at different
collision centrality (from 0−3% to 50−55%) in Cu+Cu
and Au + Au collisions over the wide energy range of√
s
NN
= 19.6 − 200 GeV. For this purpose we use HI-
JING model, with MSTW2009 parton distribution func-
tions determined from global analysis of hard scattering,
and a collective cascade recipe for nucleon shadowing ef-
fects. The impacts of these effects on the charged particle
spectra for the studied reactions are investigated and the
following conclusions can be drawn:
1. The introduction of an impact parameter depen-
dence of the fractional momentum of wounded nu-
cleons into the collective cascade recipe leads to
the production of dNch/dη at mid-pseudorapidity
for Au + Au collisions at the lowest RHIC energy
of
√
s
NN
= 19.6 GeV.
2. The updated collective cascade model induces both
cascade and nucleon shadowing effects.
3. The cascade effects lead to broadening of the high-
η tail regions in peripheral (> 30 − 35%) Au +
Au(Cu+Cu) collisions at
√
sNN = 19.6, 22.4, 62.4
GeV, in accordance with the measured PHOBOS
data.
4. The nucleon shadowing effects are pronounced
only at
√
s
NN
= 200 GeV, and found to have
an impact-parameter dependence to be consistent
with dNch/dη data.
5. In contrast to parton shadowing, the nucleon shad-
owing effects are shown to be lower in central colli-
sions and highest in mid-central and peripheral col-
lisions for the reactions under study at
√
sNN = 200
GeV.
6. The introduction of nucleon shadowing and its
associated cascade effects in HIJING calculations
leads to the reproduction of the whole shape of the
measured dNch/dη for all studied interactions and
centralities.
6Thus, the present comparisons with PHOBOS data
suggest a better agreement with ImHIJING/Cas code.
However, the model calculations are narrower than the
data at
√
s
NN
= 200 GeV. This may imply that a more
advanced hadron production model for string fragmen-
tation and/or final state interactions should be imple-
mented in ImHIJING/Cas code. This will be further
investigated in our future publications.
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APPENDIX: IMHIJING/CAS’S IMPACT
PARAMETER CUTS
The centrality cuts are usually derived by relating the
average number of participants (< Npartic >) to the mea-
sured dNch/dη distributions [18]. The unknown b-range
cuts of ImHIJING/Cas are, however, estimated in this
work by mapping the dependence of < Npartic > on im-
pact parameter to the corresponding PHOBOS results of
the centrality dependence of < Npartic > (see Tables V-
VII of [18]). Note that, the concept of Npartic, the num-
ber of nucleons that experiences at least one collision, is
the same quantity as the number of primary nucleons in-
troduced in this paper. Tables I and II list the b-range
values obtained from HIJING Glauber calculations for
the studied centrality classes in Cu + Cu and Au + Au
collisions at RHIC energies.
TABLE I. The HIJING Glauber calculations of impact pa-
rameter cuts corresponding to the centrality bins in Au+Au
collision.
Au+Au√
sNN (GeV) 200 62.4 19.6
centrality b-range (fm)
0-3 % 0-1.89 0-2.09 0-1.99
3-6 % 1.89-3.20 2.09-3.19 1.99-3.09
6-10 % 3.20-4.19 3.19-4.29 3.09-4.19
10-15 % 4.19-5.39 4.29-5.29 4.19-5.19
15-20 % 5.39-6.39 5.29-6.19 5.19-6.19
20-25 % 6.39-7.19 6.19-7.09 6.19-6.99
25-30 % 7.19-7.99 7.09-7.69 6.99-7.79
30-35 % 7.99-8.59 7.69-8.59 7.79-8.49
35-40 % 8.59-9.39 8.59-9.19 8.49-9.09
40-45 % 9.39-9.79 9.19-9.89 9.09-9.80
45-50 % 9.79-10.39 9.89-10.19 9.80-10.29
TABLE II. The same as Table I, but for Cu+ Cu collisions.
Cu+Cu√
sNN (GeV) 200 22.4
centrality b-range (fm)
0-3 % 0-1.99 0-1.59
3-6 % 1.99-2.39 1.59-2.39
6-10 % 2.39-2.99 2.39-2.89
10-15 % 2.99-3.59 2.89-3.79
15-20 % 3.59-4.59 3.79-4.39
20-25 % 4.59-4.89 4.39-4.99
25-30 % 4.89-5.59 4.99-5.49
30-35 % 5.59-6.19 5.49-5.99
35-40 % 6.19-6.59 5.99-6.49
40-45 % 6.59-6.99 6.49-6.89
45-50 % 6.99-7.59 6.89-7.39
50-55 % 7.59-7.99 7.39-7.79
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8FIG. 1. (COLOR ONLINE) A schematic view of (a) primary and (b) secondary interactions in nucleus-nucleus collisions on the
impact-parameter plane. All nucleons are shown as open circles and primary interacting nucleons are marked by closed circles.
The wavy lines and the square point in (b) represent the set of individual Reggeon exchanges and the Reggeon interaction
vertex, respectively.
9FIG. 2. (COLOR ONLINE) The parameter which controls the longitudinal fractional momentum of secondary interacting
nucleons in the collective cascade model. The solid and short-dashed lines denote the new and old parameterizations as a
function of collision centrality (c), respectively.
10
FIG. 3. (COLOR ONLINE) Pseudorapidity density distributions of charged particles as a function of selected collision central-
ities: (a) for Cu + Cu collisions at
√
sNN = 22.4 GeV, and (b) for Au + Au collisions at
√
sNN = 19.6 GeV. The open points
denote PHOBOS data [18]. The solid and short-dashed lines denote the ImHIJING/Cas calculations with γ(c) and γ = 0.5,
respectively (see text for details).
11
FIG. 4. (COLOR ONLINE) The average number of interacting nucleons as a function of impact parameter calculated by
ImHIJING/Cas code (solid and short-dashed lines) at different cascade strengths (C):(a) for Cu + Cu collisions, and (b) for
Au+Au collisions at collision energy of
√
sNN = 200 GeV.
12
FIG. 5. (COLOR ONLINE) Pseudorapidity density distributions of charged particles in Au + Au collisions at
√
sNN = 19.6
GeV: (a) for 6 − 10% and (b) 35 − 40% centrality intervals. The filled points denote PHOBOS data [18]. The solid and
short-dashed lines denote the ImHIJING/Cas calculations using γ(c) with C = 0.5 and C = 0, respectively.
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FIG. 6. (COLOR ONLINE) Pseudorapidity density distributions of charged particles in Au + Au collisions at
√
sNN = 19.6
GeV for ten centrality bins. The experimental data (open points) are from the PHOBOS experiment [18]. The thick and thin
solid lines denote the ImHIJING/Cas calculations with cascade strengths of C = 0.5 and 0.25, respectively.
14
FIG. 7. (COLOR ONLINE) Same as Fig.6, but for Cu+ Cu collisions at
√
sNN = 22.4 GeV and twelve centrality bins.
15
FIG. 8. (COLOR ONLINE) Pseudorapidity density distributions of charged particles in central (top panels) and peripheral
(bottom panels) Au + Au collisions at
√
sNN = 62.4 GeV. The experimental data (open points) are from the PHOBOS
experiments [18]. The solid and short-dashed lines denote the ImHIJING/Cas calculations with C = 0.25 and 0, respectively,
with sq(g) = 0.014 in both cases. The thin solid lines are the ImHIJING/Cas calculations with C = 0.25 and sq(g) = 0.0.
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FIG. 9. (COLOR ONLINE) Pseudorapidity density distributions of charged particles in the most central (0−3%); (a) Cu+Cu
and (b) Au+Au collisions at
√
sNN = 200 GeV. The experimental data (closed points) are from the PHOBOS experiments [18].
The solid and short-dashed lines denote the ImHIJING/Cas calculations with cascade strengths of C = 0.5 and 0, respectively.
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FIG. 10. (COLOR ONLINE) Same as Fig.9, but for semiperipheral (20−25%) Cu+Cu and Au+Au collisions at √sNN = 200
GeV.
18
FIG. 11. (COLOR ONLINE) Same as Fig.9, but for peripheral (≥ 35− 40%) Cu+Cu and Au+Au collisions at √sNN = 200
GeV.
